Introduction
Surfactants have shown significant potential for use in in situ and ex situ environmental remediation applications, and are also widely used in industrial processes. An important consideration in the design of any surfactant-based process is the treatment and handling of contaminated surfactant solutions resulting from the process. Because of the relatively high cost of surfactants, cost-effective applications may require recycling and reuse of surfactants. In addition, removal of organic contaminants typically will be necessary prior to the discharge of waste-surfactant solutions.
For many classes of organic compounds, air stripping and Ž . related technologies such as vacuum stripping have been found to be very effective for treating contaminated surfactant solutions. Many studies reported to date have made use Ž of packed-tower strippers Clarke et al., 1993; Oma et al., Correspondence concerning this article should be addressed to C. G. Kibby. Lipe et al., 1996; Chiang et al., 1998; Choori et al., . 1998 . In practice, however, low-profile sieve-tray air strippers are widely used for air-stripping applications, due to their small size and ease of maintenance. Use of low-profile air strippers for surfactant solutions poses a unique set of problems that have not been addressed to date. In particular, the potential for foaming of surfactant solutions in tray air strippers is greater than in other air strippers due to the mechanism by which the airrwater interfacial area is created. In addition, because surfactant solutions can dramatically reduce the volatility of organic compounds, a quantitative design approach is needed to predict the performance of tray air strippers when used with surfactant solutions.
The objective of the work presented here was to evaluate the use of sieve-tray air stripping as a means of removing contaminants from surfactant solutions. Specific goals were to determine if tray air stripping can be successfully applied to treatment of surfactant-containing wastewaters, and, if so, to develop a quantitative approach for designing tray airstripping systems for treating surfactant-containing wastewaters.
Background
Air stripping is well-suited to removal of volatile compounds from contaminated aqueous solutions. Air-stripping systems work by contacting contaminated water with clean air, creating a large airrwater interfacial area for transfer of contaminants from the water to the air. Volatile contamiw nants that is, compounds with high Henry's Law constants Ž 0 .x K are readily removed from water by air stripping. De-H vices for removal of volatile contaminants by air stripping can be characterized as supported-area devices or unsupported-Ž . area devices Berg, 1988 . In supported-area devices, such as packed-tower air strippers, airrwater interfacial area is physically supported by the geometry of the air stripper. In a packed tower, the flow of water over the packing material Ž . creates a thin liquid film supported by the packing material with a high surface area for mass transfer between the air and water phases. Correlations are available for prediction of mass transfer in packed-column air strippers, and have been found to provide very reasonable agreement with experimen-Ž tal data for nonsurfactant-containing wastewaters Kavanaugh and Trussell, 1980; Staudinger et al., 1990; Dvorak et al., . 1996 .
In unsupported-area devices, airrwater interfacial area is produced by direct interaction between the air and water. Although several approaches can be used, one of the most common is a sieve-tray design. In a sieve-tray air stripper, water enters at the top of the device and flows across several perforated trays in series. Air enters the bottom of the system and is forced through the perforations in the trays and the liquid above. Air pressure prevents water from leaking through the perforations. Surface area for mass transfer is created by the air bubbles passing through the liquid, as well as the droplets of water created as the air rapidly exits the liquid. Between trays, water flows through downcomers, which prevent air from bypassing the perforated trays. Unlike packed towers, mass transfer in sieve-tray air strippers is quite difficult to predict a priori, although mechanistic models have Ž been developed for specific systems Prado and Fair, 1990; . Chen and Chuang, 1993; Bennett et al., 1995 . Design of sieve tray air strippers typically requires determination of an efficiency factor, as will be discussed below.
Sie©e-tray air-stripper design equations
To design a sieve-tray air stripper for treatment of dilute aqueous solutions, equations based on the equilibrium and operating line approach can be used. An analytical solution can be derived to describe the performance of an air stripper Ž . Ž . with N ideal theoretical trays Perry and Green, 1997 Because trays in a real air stripper will not behave ideally, the actual number of trays needed to achieve the desired performance, N , will be greater than the number of theoreti-AC cal trays. To account for the difference, an overall tray efficiency is defined
Ž .
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Tray efficiency can be influenced by properties of the compounds being stripped, properties of the fluids, flow paths within the air stripper, and extent of mixing within each tray Ž . Perry and Green, 1997 . A hypothesis of the work presented here was that the properties of the individual organic compounds being stripped would have a minor influence on the tray efficiency, relative to the influence of other systemspecific factors. As such, an objective of this work was to determine if a single value of efficiency could be used to provide an adequate prediction of air-stripper performance of a particular air-stripper for a wide range of compounds.
Air-stripping surfactant solutions
Because surfactants are not volatile, air stripping can be used to remove contaminants from surfactant solutions with little or no impact on the surfactant concentration. However, because of the effects surfactants have on liquid properties, the performance of both supported-area and unsupportedarea devices can be substantially influenced by the presence of surfactants. Two specific surfactant effects most likely to Ž . influence air-stripping performance are 1 the reduction in Ž . Ž . volatility Henry's law constant due to solubilization, and 2 foam formation. These effects are discussed below.
Solubilization and Henry's Law Constant Reduction. Surfactant solutions have the potential to dramatically reduce Henry's Law constants of organic compounds, due to solubilization of organic compounds by surfactant micelles. Micelles are aggregates of surfactant molecules that form at surfactant concentrations above the critical micelle concentra-Ž . tion CMC . CMC values vary from surfactant to surfactant, and are usually several orders of magnitude lower than surfactant concentrations used in typical applications; as such, most surfactant solutions considered for air-stripper design will be composed primarily of surfactant in micellar form. Surfactant micelles provide a hydrophobic sink for organic compounds. The partitioning of organic compounds into surfactant micelles from the surrounding water is known as solubilization. The Solubilization capacity of surfactant micelles can vary with surfactant and organic compound properties, Ž . and can be described by the weight solubilization ratio WSR , a measurable quantity. A model describing the effect of solu-Ž . bilization on volatility has been described by Anderson 1992 and is written in terms of the WSR, which is readily measurable. Although Eq. 3 can be rewritten in molar units, it is presented here in mass units to facilitate application to commercial surfactants, which may contain multiple components, and for which the molecular weights may be unknown. The work reported here does not attempt to directly test the validity of Eq. 3, but rather examines the applicability of Eq. 3 to air-stripper design. An important hypothesis of this work is that if the Henry's Law constant is corrected for solubilization through the use of Eq. 3, then Eqs. 1 and 2 can be used to quantitatively design air stripping systems.
The importance of accounting for the effect of surfactant solubilization on Henry's Law constants cannot be overstated. Figure 1 shows the predicted effect of solubilization on the Ž . Henry's Law constant of tetrachloroethylene PCE in a TWEEN 80 nonionic surfactant solution. Note from the figure that the potential exists for a reduction of se®eral orders of magnitude in the Henry's Law constant at application-relevant surfactant concentrations. Neglecting this effect in the design of an air stripper could lead to a design that is unable to meet desired contaminant removal requirements.
Foam Formation. Surfactant adsorption to liquid inter-Ž faces can produce and stabilize foam Adamson and Gast, . 1997 . In tray air strippers, where airrwater interfacial area is created by direct contact between air and water, the potential for foaming is very high. If the foam formed in an air stripper is stable and carries a significant quantity of water with it, it can create a situation where treated water is carried upward with the airflow to previous trays in the water flow path, diluting the contents of the trays and reducing the efficiency of the system. This process is known as entrain-Ž . ment Berg, 1988 . In extreme cases, entrainment flooding 
Ž
. the accumulation of water in the system due to entrainment can occur. Increasing tray spacing and reducing air flow rates can reduce entrainment, although antifoaming agents will likely also be needed for most surfactant solutions.
In cases where entrainment can be minimized, foams can potentially have positive impacts on the performance of unsupported-area equipment by providing additional surface area for transfer between the water and air phases. For this effect to be significant, the foam formed must contain a reasonable quantity of water, and the water must be continuous Ž . with the bulk water in the trays Berg, 1988 . In the work reported here, no noticeable trends in air stripper performance were observed as a function of the quantity of foam present.
Materials and Methods

Air-stripping system
An EZ-Tray 4.2MS air stripper was purchased from QED Ž . Environmental Ann Arbor, MI . The EZ-Tray 4.2MS is a two-tray commercial air stripper. Flow through each tray occurs in a reverse-flow arrangement, with water flowing around a central baffle on each tray. The active area of each tray is 2 Ž . 0.262 m 47.6 cm=55.0 cm , the vertical spacing between trays is 25.4 cm, and the weir height is 5.1 cm. Tray perforations are 4.75 mm in diameter, and arranged in 34 rows and Ž . 17 staggered columns on each tray 578 holes per tray . The EZ-Tray 4.2MS is rated for air flow rates up to approx. 6,000 Ž 3 . Lrmin 210 ft rmin and water flow rates up to approx. 95 Ž . Lrmin 25 galrmin . For some experiments, air flow rates greater than 8,000 Lrmin were used without discernable de-Ž viation from predicted air-stripper performance although at extreme air flow rates, foaming became more difficult to con-. trol . Due to flow-rate limitations of the pump, water flow Ž . rates up to approx. 40 Lrmin 10 galrmin were used. Ž Air was supplied by a 5 hp New York Blower Wil-. Ž lowbrook, IL 2004 blower, and an Iwaki Walchem Hollis-. ton, MA MD-70RZT pump. The MD-70RZT pump was selected because of its ability to operate over a wide range of flow rates, ranging from below 4 Lrmin to approx. 40 Lrmin, allowing large gas-to-liquid flow rate ratios to be explored. Liquid flow rates were controlled with a manual ball valve, Ž . and were quantified using a BadgerMeter Milwaukee, WI model M25 nutating disc flowmeter. Air flow rates were controlled by a valve on the blower and a supplemental blast Ž . gate, and were measured using a Dwyer Michigan City, IN model 160-8 Pitot tube.
All connections to the EZ-Tray air stripper were made using PVC tubing. Drainage from the unit was controlled by gravity and a supplemental ball valve for back-pressure adjustment. The valve allowed the air flow rate to be varied while maintaining the level of the water in the sump of the Ž . EZ-Tray. Two 830-L 220-gal tanks were used. A 3 m=0.3 m packed-tower air stripper was also constructed and connected to the pump, blower, and tanks. The tower air strip-Ž . per was packed with 1-in. Norton Akron, OH plastic Super Intalox Saddles. A system of valves allowed either air stripper to be operated, and to draw from either tank and drain into either tank. This system allowed the performance of the air strippers to be compared, and also allowed for recirculating operation, if desired. Sample ports were installed before and after each tray in the EZ-Tray air stripper, in addition to in the drain and the waterline after the pump. Experiments involved running the pump initially to fill the sump of the EZ-Ž Tray air stripper to prevent air from escaping through the . water drain , adding antifoam to the inlet surfactant tank, and then turning on the blower and allowing the system to stabilize at the desired air and liquid flow rates for 5 to 10 min. All sample ports were then rapidly sampled into 4-mL vials with Teflon-lined caps. Sample vials were completely filled to minimize the potential for volatilization losses to Ž headspace. Note, however, that because surfactant reduces Henry's law constants dramatically, risks of volatilization were . minimal. Temperature was not controlled, but was monitored. Typical temperatures were slightly below 25 deg, and did not vary significantly, so temperature corrections were not applied in calculations. Procedures and information required for temperature correction are discussed in detail in the ''Results and Discussion'' section. Ž . has been reported to have a CMC of 13 mgrL Becher, 1967 . TWEEN 80 was selected because of its high solubilization capacity for chlorinated environmental contaminants, which makes it a good candidate for environmental applications. Concentrations of TWEEN 80 used ranged from approximately 0.7% to 3% by weight. Surfactant solutions were prepared by adding liquid TWEEN 80 to approx. 400᎐800 L of water and mixing vigorously for several hours, both by hand and with the MD-70RZT pump set to recirculate water from the tank. The antifoaming agent selected for this work was Trans-10 Ž . Trans-Chemco, Bristol, WI , a 10% silicone emulsion antifoam. Trans-10 is a food-grade antifoam, allowable in food to concentrations of 100 mgrL. Typical concentrations used for air stripping ranged from 40 to 100 mgrL of Trans-10 Ž . equivalent to 4 to 10 mgrL of the pure antifoam material . The antifoam was dispersed in 500 mL of water prior to addition to surfactant solutions, to accelerate mixing. More details on antifoam performance are provided in the ''Results and Discussion'' section.
Organic compounds studied included tetrachloroethylene Ž . Ž . Ž . PCE , trichloroethylene TCE , chlorobenzene CB , octane, and o-xylene. The compounds represent several classes of Ž common volatile organic environmental contaminants chlo-. rinated alkenes, chlorinated aromatics, alkanes, aromatics . Properties of these compounds are provided in Table 1 . Organic compounds were initially dissolved in high concentra-Ž tion TWEEN 80 solutions when possible in some cases, . emulsions were used, due to solubility limitations , and then added to the surfactant solution and mixed thoroughly overnight prior to beginning experiments.
Analyses
Organic compound concentrations were analyzed using a Ž . Hewlett-Packard Palo Alto, CA 5890 Gas Chromatograph Ž . with a flame ionization detector FID and an electron cap-Ž . ture detector ECD . The FID was used for higher concentration analyses, and for analysis of nonchlorinated organic compounds. The ECD was used for analysis of chlorinated compounds at lower concentrations. The method used for organic compound analysis has been described elsewhere Ž . Zimmerman et al., 1999 . Due to low sensitivity of the ECD for chlorobenzene, chlorobenzene concentrations were ana-Ž . lyzed using a Varian Walnut Creek, CA Star 3400CX Gas Chromatograph connected to a Varian Saturn 2000 Ion Trap Mass Spectrometer. Samples from the air stripper were diluted with methanol prior to analysis, and were analyzed immediately after each air stripper run. Surfactant concentrations were determined using a Hewlett-Packard 1050 HPLC Ž . and a Sedere Richard Scientific, Novato, CA SEDEX 55 evaporative light-scattering detector, using a previously de-Ž veloped method Kibbey and Hayes, 1997; Zimmerman et al., . 1999 . WSR values presented in Table 1 were determined Ž . using an approach described by Zimmerman et al. 1999 . The approach accounts for distribution of surfactant between the aqueous and nonaqueous phases during the measurement, providing a more accurate assessment of the WSR for systems involving polar organic compounds. Note that WSR values are specific to each surfactantrorganic compound combination, so the values in Table 1 should only be used for solutions of POE 20 sorbitan monooleate nonionic surfactants, such as TWEEN 80. For other surfactantrorganic combinations, WSRs can be experimentally determined using the pro-Ž . cedure described by Zimmerman et al. 1999 . Table 2 shows the operating conditions and results of all experiments conducted. Because the work described here was initially designed to provide specific air-stripper design information for a TWEEN 80-based surfactant field test at a PCE-contaminated site in Oscoda, MI, the largest number of experiments conducted involved PCE. However, experiments to evaluate air-stripper performance with other compounds were also conducted to determine the extent to which the PCE results are applicable to other systems. Note that some Ž of the experiments shown in Table 2 experiment numbers 13 . and greater in Table 2 involved simultaneous air stripping of multiple components. In general, air-stripping performance for each component would be expected to be independent. In the experiments conducted for this work, no dependence on dissolved organic-compound composition was noted in airstripping results.
Results and Discussion
Air-stripper performance and design equation application
The approach used to interpret air-stripping data involved applying Eq. 3 to calculate the surfactant solubilization-cor-Ž . Ž . rected Henry's law constants K also shown in The results in this figure were used to determine the value Ž . of overall tray efficiency ⑀ used for all other compounds.
well for all PCE data with this air-stripping system, allowing the model to accurately describe air-stripper performance. This efficiency value was used directly for modeling all other compounds, as will be described below. Note that ⑀ values may vary significantly from air stripper to air stripper, as a result of stagnant regions within trays and varying phase contact times resulting from differing tray geometries, so the ⑀ should be determined experimentally for the air-stripper of interest. It is important to emphasize that the only adjustable Ž . parameter in the model is the overall tray efficiency ⑀ . All Ž 0 other parameters needed organic compound solubility, K H . WSR, CMC are directly-measurable physical properties, and Ž . all, with the exception of the WSR and sometimes the CMC , can usually be located in the literature. Figure 2 shows the model vs. measured effluent concentrations for PCE. As described earlier, the data in Figure 2 were used to determine ⑀. Note that although these data cover three orders of magnitude in PCE concentration, twelve different gasrliquid flow-rate combinations, and three different Ž . surfactant concentrations, a single value of ⑀ 0.601 works very well for all of these cases. Figure 3 shows the model applied to all five compounds examined. The model predictions in Figure 3 are all based on Ž . the value of ⑀ 0.601 determined from the PCE experiments. In general, model predictions are very good in all cases, sup-Ž . porting the hypothesis that overall tray efficiency ⑀ is only weakly influenced by compound properties. Based on this result, it seems reasonable to use a single value of ⑀ for preliminary design of tray air strippers for removal of contaminants from surfactant solutions. Figure 4 shows a comparison between model predictions in Figure 3 and model predictions using uncorrected K 0 val-H Ž ues. Results of all experiments are also presented in Table  . 0 2 . Note that neglecting to correct K for surfactant solubi-H lization can produce a se®eral-orders-of-magnitude overprediction of air-stripper performance, and the extent of the error will vary dramatically from compound to compound. For example, from Figure 4 , it is apparent that neglecting surfactant solubilization for octane would lead to actual octane concentrations in air-stripper effluent fi®e orders of magnitude greater than predicted concentrationsᎏclearly an undesirable situation. Note that the potential magnitude of this error is significantly greater than any error that might be introduced by using an incorrect value of tray efficiency. Ž Although model predictions as shown in Figures 2 and 3 , . and Table 2 Table 1. solubilization-based volatility reduction implicitly assumes that the partitioning behavior of organic compounds between water and micelles does not change over the entire organiccompound concentration range. This assumption may not be equally valid for all compounds, so deviation from this assumption may be responsible for the model under-or overpredicting the air-stripper performance for some compounds relative to others. Nevertheless, even with these potential difficulties, it is apparent from Figure 4 that 
Foam control
The antifoaming agent selected for this work was Trans-10, a food-grade 10% silicone polymer emulsion. With the excep-Ž tion of very-high-air-flow conditions )8,000 Lrmin air, far . above the rated capacity of the air stripper , Trans-10 was found to sufficiently control foaming in the air-stripper under all conditions tested. Typical antifoam concentrations used ranged from 40 to 100 mgrL. For solutions that were run through the air-stripper multiple times, new antifoam typically had to be added prior to each run. It appeared that this resulted from loss of antifoam to the inside walls of the air stripper, as well as clumping of the antifoam that occurred after it was run through the air-stripper. Because of the low concentrations used and the low cost of the antifoam, loss of antifoaming agent effectiveness with use provided only a minor inconvenience.
Varying the quantity of antifoam added to surfactant solutions varied the amount of foaming in the air-stripper, and Ž . very high concentrations of antifoam )100 mgrL were able to eliminate foaming altogether. The quantity of foam present did not appear to have any impact on the air-stripper compound removal performance for the compounds examined here.
Although a silicone antifoam like Trans-10 would likely be a good choice for some applications because of its low toxicity and low cost, silicone polymer emulsion antifoaming agents like Trans-10 may cause problems with ultrafiltration systems that may be used after air stripping for some applications. As such, future work should be directed at systematically examining and identifying other antifoaming agents for surfactant-based air-stripping applications.
Because different surfactants foam to different extents, effectiveness of antifoaming agents should be evaluated with the surfactant of interest, preferably in a full-scale tray airstripping unit. In separate foaming tests, QED Environmen-Ž tal Systems and Carbonair Environmental Systems New . Hope, MN tested different anionic surfactants for foaming in their respective air strippers. QED tested high concentra-Ž . tions of Aerosol MA Cytec Industries, West Paterson, NJ in a 6-tray air-stripper, and found that antifoam levels comparable to those used in this study were sufficient to control foaming. Carbonair tested high concentrations of Dawn dish-Ž . washing liquid Procter and Gamble, Cincinnati, OH in a 2-tray air stripper, and found that the system required an order of magnitude more antifoam than was used in this study, likely as a result of foam-enhancing surfactants added to dishwashing liquids.
Temperature correction
As described in the ''Background'' section, the results presented here were determined at temperatures near 25ЊC, and are based on reported literature values of solubility and procedures for making these calculations are described else-Ž where Kavanaugh and Trussell, 1980; Grant and Higuchi, . 1990; Schwarzenbach, et al., 1993 Figure 5 shows pre-Ž . dicted air-stripper effluent concentration from Eq. 1 as a function of the number of theoretical trays, shown for several Ž . different stripping factor S values. Recall that S is proportional to K for given gas and liquid flow rates. From Figure   H 5, it is apparent that for values of S-1, concentration of a contaminant will not be reduced to zero, even with an infinite number of trays. It can be shown that if S-1, as the number of trays approaches infinity, the percent removal produced by the air-stripper approaches S=100. This fact has significance for surfactant systems, because of the low K H Ž . Ž and S values they produce. Note that many of the experi-. ments in Table 2 have S values near or below 1. It is important to note that the behavior shown in Figure 5 is a result of the mass balance, and is qualitatively true for all types of countercurrent air-strippers. As a result, just as a tray air stripper with an infinite number of trays will not be able to completely remove a contaminant with S-1, an infinitely tall 
